To investigate the adsorption behavior of contaminants with different adsorbents and co-adsorbates under identical conditions, the adsorption capacities of anionic orange II (OII) dye onto graphene oxide (GO) and photoreduced GO (PRGO) in a single-component system and in the presence of cationic methylene blue (MB) dye as well as heavy metal ion Pb 2+ were explored. In this work, PRGO was prepared by solar light irradiation of a GO dispersion. GO and PRGO were characterized by Fourier transform infrared spectroscopy, X-ray photoelectron spectroscopy, X-ray diffraction, Raman spectroscopy, atomic force microscopy, scanning electron microscopy, and transmission electron microscopy. . These findings show that the adsorption of anionic dyes by graphene-based materials can be strongly improved in the presence of either cationic dyes or heavy metal ions, which will be of great value in practical applications.
Introduction
The shortage of fresh and clean water has become one of the most important challenges around the world, with serious water pollution arising from the rapid development of industry endangering human health.
1,2 Among water pollutants, organic dyes and heavy metal ions have attracted great attention because they are non-biodegradable and tend to accumulate in living organisms. 3 Various technologies have been developed for the removal of these dyes and metal ions from wastewater, including membrane separation, 4 ion exchange, 5 chemical precipitation 6 and adsorption. Of all these technologies proposed, adsorption is considered as a globally acclaimed water treatment process due to its versatility, economic feasibility and wide applicability. 3 In the last 70 years, 7 many adsorbents have been investigated, such as activated carbon, 8, 9 magnetic carbon, 10,11 chitosan, 12,13 clay, 14 ethyl cellulose 15 and so on.
As newly developed types of carbon materials, very recently graphene and its derivatives have been considered as effective adsorbents, due to their unique physical and chemical properties, such as superior mechanical exibility, ultrahigh specic surface area, and abundant surface functionality with oxygencontaining functional groups. [16] [17] [18] The adsorption behaviors of graphene-based materials, such as graphene oxide (GO) and reduced graphene oxide (RGO), for different contaminants have been studied, where they usually showed outstanding adsorption capacities. For example, the adsorption capacity of polypyrrole-RGO hybrid material for Hg 2+ has been reported to reach 980 mg g À1 . 19 Obtained by in situ reduction of GO with sodium hydrosulte, RGO provides a maximum adsorption capacity of 3300 mg g À1 for acridine orange dye. 20 In particular, graphene-based materials are now available commercially in high production volume. 21, 22 These materials exhibited comparable or better adsorption capacities than commercial activated carbon in some conditions. [23] [24] [25] [26] Consequently, they can serve as alternative adsorbents for removing contaminants from sewage water. However, so far the investigations of adsorption behaviors of contaminants by graphene-based materials have generally been performed in single-component systems. 27, 28 While in practical applications of wastewater treatment, several kinds of contaminants oen coexist as pollutants. In such cases, investigating the co-adsorption behaviors of adsorbents for coexisting contaminants is of vital importance for selecting and utilizing these graphene-based materials.
To our knowledge, only a few works have been focused on the co-adsorption of dyes and heavy metal ions [29] [30] [31] by GO and its hybrid materials, where the adsorption behaviors and mechanisms are still controversial. Xiao and coworkers have reported that the presence of anionic indigo carmine lowered the removal ability of cationic neutral red by L-cysteine-reduced graphene oxide (CRG), 32 while there emerged a remarkable synergistic effect when adsorbing onto CRG/poly(vinyl alcohol) aerogel. 33 For metal ion-dye binary systems, the adsorption behaviors are more noteworthy. Deng 36 That is, for different adsorbents or coadsorbates, the presence of MB may lead to completely different effects. Therefore, it is necessary to investigate the adsorption behaviors of contaminants with different adsorbents and co-adsorbates under identical conditions to compare their capacities. These results will be of vital importance for the optimization of adsorption capacities and practical applications.
In this work, we employed commercial GO and photoreduced GO (PRGO) as the adsorbents to evaluate the adsorption of dyes and metal ions in single and binary systems by batch experiments. The anionic dye orange II (OII) and cationic dye MB, and Pb 2+ were chosen as model dyes and heavy metal ion, respectively, owing to their wide use in leather dyeing and battery manufacturing processes. An environmentally friendly and cost-free method was used to produce PRGO, which was prepared by exposing GO dispersion to solar light irradiation in sealed glasses with different duration times. GO and PRGO were characterized by Fourier transform infrared (FTIR) spectroscopy, Raman spectroscopy, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), scanning electron microscopy (SEM), and transmission electron microscopy (TEM OII. Also, the main adsorption mechanism through relevant models has been discussed.
Materials and methods

Materials
GO powder (diameter of 0.5-5 mm and thickness of 1-3 nm) was supplied by Nanjing XFNANO Materials Tech Co. Ltd. OII, MB and lead nitrate (Pb(NO 3 ) 2 ) were purchased from J&K Scientic Ltd. 0.22 mm Millipore syringe lters were obtained from Tianjin Navigator Lab Instrument Co. Ltd. An Elix® Advantage system (Millipore Q, USA) was used to produce deionized water. All regents were used without further purication.
Preparation of PRGO
In our previous work, 37 we presented an environmentally friendly and cost-free method to prepare PRGO dispersion. The reduction of GO was carried out by exposing 0.67 mg mL À1 dispersion to solar light with duration times of each of 24, 48, and 72 hours. In order to maintain the same reduction conditions, the experiments were performed at the same weather temperature (generally from 10 a.m. to 4 p.m. between June and September) and atmospheric environment (cloudless). Initial pH value of the dispersion was measured to be 5.0 AE 0.3 and no signicant change was observed aer photoreduction. The PRGO obtained with these three irradiation durations are named hereinaer as PRGO-1, PRGO-2, and PRGO-3, respectively.
Sample characterizations
The concentrations of dyes were determined using a UV-visible spectrometer (Ocean Optics May2000Pro). The chemical structure and elemental composition of GO and PRGO were characterized by means of FTIR and Raman spectroscopies, XRD, and XPS. FTIR spectra were recorded on a Si substrate with a commercial Bruker FTIR spectrometer (Thermo Scientic Nicolet iS50). Raman spectra were obtained with a home-built scanning confocal system, the details of which can be found in our previous works. 37, 38 XRD measurements were performed by use of a Rigaku BD 2000 system with Cu Ka X-rays (0.154 nm) operating at 30 kV and 20 mA. XPS analysis was conducted using an AXIS ULTRA DLD spectrometer (Thermo Kratos British) with Al Ka irradiation as the exciting source (300 W). AFM (5000N, JEOL) was used to measure the height of GO and PRGO. The surface morphology of nanomaterials was observed using SEM (SU8010, Hitachi) and TEM (Philips model CM10). 
Batch
where V is the volume of the solution (L) and m is the mass of GO or PRGO (g). The detailed parameters used in single systems can be found in Section 1 of ESI. † 2.4.2 Co-adsorption isotherms in binary systems. For coadsorption in binary systems, we mainly focus on the synergistic or competitive effect between two contaminants. The investigations were conducted in the form of A/B, representing the maximum adsorption capacity of contaminant A inuenced by the presence of contaminant B with a constant concentration. Generally, in the experiments, the concentration of contaminant A was varied to obtain the maximum adsorption capacity based on isotherm models. Taking OII/MB as an example, the concentration of MB was rstly xed at 100 mg L , while the concentration of OII was still varied from 66.7 mg L À1 to 300 mg L
À1
. Consequently, the maximum adsorption capacities of OII inuenced by MB with concentrations of 100, 200, and 300 mg L À1 will be determined. The detailed parameters used in binary systems can be found in Section 2 of ESI. †
Results and discussion
Characterizations of GO and PRGO
The chemical components of GO before and aer solar light irradiation were investigated by FTIR and Raman spectroscopies and XRD. I D /I G ratio from 0.95 for GO to 1.07 for PRGO indicates the decreased sizes but the increased numbers of sp 2 frameworks.
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The XRD patterns of GO and PRGO are shown in Fig. 1c . GO exhibits a sharp peak at 10.24 , corresponding to an interlayer separation of 0.863 nm. For PRGO, this peak almost disappears whereas a broad and weak peak at 20.20 becomes prominent.
The new peak corresponds to an interlayer spacing of 0.439 nm. The signicant reduction of the interlayer spacing further indicates the removal of oxygen-containing functional groups.
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Here, we also used XPS to qualify the degree of photoreduction. The C/O ratio can be determined from the atomic percentage by the survey XPS spectra, 42 as shown in Fig. 1d . The C/O ratio of GO before and aer solar light irradiation increases from 2.47 to 6.79, further revealing the removal of oxygencontaining functional groups from GO. Fig. 1e and f present the C1s deconvolution spectra of GO and PRGO, respectively. Both spectra can be curve-tted into four peaks. Compared with GO, the oxygen-bound C components in PRGO, especially the peak of C-O, are decreased sharply in intensity. This further conrms that most of the oxygen functional groups have been removed by solar light irradiation.
The surface morphologies of GO before and aer solar light irradiation were characterized by AFM, SEM, and TEM, as shown in Fig. 2 . It can be seen that GO nano-sheets are exfoliated into monolayers with lateral size in the region of 2-4 mm and height of $1.5 nm (Fig. 2a) , coinciding with previous works. 37, 44 Aer solar light irradiation, the lateral size of nanosheets slightly decreased. As shown in Fig. 2b , the height of PRGO was decreased to $1.0 nm, indicating the effective removal of functional groups on the basal plane of GO. Fig. 2c -f present the SEM and TEM images of GO and PRGO. GO presents a single-or a few-layer microstructure with wrinkles on the surface, which may be due to large amounts of functional groups. 45, 46 These groups expand the interlayer distance of graphite and result in the wrinkle phenomenon, in accordance with the XRD results. However, PRGO presents a different morphology as uffy and transparent layers with rich wrinkles and uctuation. 45 The uctuation may be essential to sustain the thermodynamics stability of two-dimensional natural crystal structure of graphene sheets. These disordered reduced graphene sheets could connect as a three-dimensional porous network, which will improve the adsorption of contaminants. This hypothesis can be proven by the measurement of surface areas using the BET technique (Fig. S4 †) investigated by measuring the time-dependent adsorption behaviors, as shown in Fig. 3 . The adsorption of OII on PRGO is rapidly increased in the rst 5 min and almost reaches equilibrium in less than half an hour. However, the adsorption on GO is relatively slow and reaches equilibrium at about 2 hours, as shown in Fig. 3a . On the other hand, the adsorption rates of MB and Pb 2+ are both faster than that of OII, for which the adsorption equilibrium is reached in the rst 30 min for all GO and PRGO materials. To get an insight into the adsorption processes and to determine the kinetic parameters, the experimental data are tted by the pseudo-second-order model. The pseudo-second-order model is generally used to depict the chemisorption process with a rate-limiting step, 47 which can be represented as the equation:
where q e is the adsorption capacity at equilibrium and q t is the amount of contaminant adsorbed at time t. The k 2 parameter in g (mg min)
À1 denotes the rate constant of the pseudo-secondorder kinetic model. Specically, V 0 represents the adsorption rate at initial time, 48 where
The results are presented in 
where C e is the adsorption equilibrium concentration (mg L À1 ), q e is the corresponding adsorption amount at this dye concentration (mg g À1 ), q max is the maximum adsorption capacity in mg g À1 , corresponding to complete monolayer coverage, and K L is the Langmuir constant in L mg À1 , related to the affinity of the binding sites and energy of adsorption. The calculated results are shown in Table 2 . The linear correlation coefficients (R 2 ) for these adsorption conditions are between 0.965 and 0.997, indicating that the experimental data are in good agreement with the Langmuir model. From Table 2 , we can see that the adsorption capacity of OII on GO is only 8.4 mg g À1 . With increasing reduction degree (increasing of irradiation duration), the adsorption capacity of OII is gradually increased. Note that the adsorption capacity of PRGO-3 is 32.5 mg g À1 , which is almost 4-fold larger than that of GO. In contrast, the adsorption capacity of MB on PRGO is slightly lower than that on GO. While the effect of the reduction of GO on the adsorption of Pb 2+ can be ignored. The mechanism behind these phenomena will be discussed in the following. One thing that should be mentioned is that the adsorption isotherms of OII, MB and Pb 2+ on GO and PRGO can also be well analyzed by
Freundlich and Temkin models, 49,50 as presented in Fig. S6 , Tables S1 and S2. † The results further reveal that the adsorption of these three contaminants on GO and PRGO are favorable Langmuir adsorption processes and exothermic in nature.
Co-adsorption investigations of OII-MB binary system
Co-adsorption investigations of the OII-MB binary system have been classied into two categories: the adsorption isotherm of MB in the presence of OII, and the adsorption isotherm of OII in the presence of MB. These two categories are designated in the forms of MB/OII and OII/MB for short, as discussed in Section 2.4.2.
3.3.1 Co-adsorption isotherms in MB/OII system. The adsorption capacities of MB as a function of OII concentration are presented in Fig. 5a . The initial concentration of MB was xed at 200 mg L À1 , while that of OII was changed from 0 to 300 mg L À1 . It can be seen that with increasing OII concentration, the adsorption capacities of MB on GO and PRGO are mildly increased, with the maximum capacity at an OII concentration of $133 mg L À1 , and then slightly decreased.
However, comparing with the absolute adsorption capacities, the variations are small. Dividing the variations by the adsorption capacity of MB on GO in the absence of OII, the variations are in the region of 2.1% and À3.4%, as shown at the bottom of Fig. 5a . Furthermore, although the adsorption capacities of MB on PRGO are slightly smaller than that on GO in the absence of OII, as presented in Table 2 , GO and PRGO give almost the same adsorption capacities when the concentrations of OII are larger than 133 mg L À1 .
On the other hand, to compare the maximum adsorption capacities of MB in the absence/presence of OII, we also obtained the adsorption isotherms of MB under different OII concentrations, as shown in Fig. 5b . Note that the adsorption isotherms of MB in the presence of OII (100, 200, and 300 mg L À1 ) are similar to that in the absence of OII (0 mg L À1 ); thus they are also analyzed by the Langmuir model. The maximum adsorption capacities are shown in Fig. 5c (the corresponding tted results can be found in Fig. S7 and Table S3 †) . At a glance, the maximum adsorption capacities of MB on GO and PRGO in the absence and presence of OII have no signi-cant difference, and they are all around 400 mg g À1 . To gain an insight into the co-adsorption behaviors, the ratio of adsorption capacity R q is oen used:
where Q b,i is the adsorbed amount of the i-th adsorbate from the binary solution, and Q m,i is that from the single-component solution at an identical condition. R q represents the coadsorption as being either synergism (R q > 1), indifference (R q ¼ 1), or antagonism (R q < 1). 29 That is, for R q > 1, the presence of co-adsorbate will improve the adsorption capacity for the target adsorbate; while for R q < 1, the co-adsorbate will compete with the target adsorbate, resulting in a decrease of the adsorption capacity for the target adsorbate. In this section, MB is the target adsorbate, while OII is the co-adsorbate. To investigate the co-adsorption as well as the inuence of the reduction process, here Q m,i is set as the adsorption capacity of MB on GO in the absence of OII. The corresponding results are presented in Fig. 5d (all the values of R q are presented in Table S4 †). It can be determined that the R q values of GO in the presence of OII are in the region of 0.913 to 0.975, indicating that the existence of OII can slightly inhibit the adsorption of MB on GO. On the other hand, the R q values of PRGO in the absence of OII are in the region of 0.875 to 0.954, indicating that the reduction process will suppress the adsorption of MB as well, consistent with the results presented in Table 2 . Furthermore, the R q values of PRGO in the presence of OII are in the region of 0.852 to 0.943, in accordance with the results discussed above. 3.3.2 Co-adsorption isotherms in OII/MB system. The adsorption behaviors of OII varying as a function of MB concentration are presented in Fig. 6 . In contrast with MB, the adsorption capacities of OII are signicantly enhanced in the presence of MB, as shown in Fig. 6a . In the absence of MB, the adsorption of OII by PRGO is higher than that by GO, as we discussed for the single-component experiment. However, as the concentration of MB increases from 0 mg L À1 to 167 mg L À1 , the adsorption capacity of OII on GO increases from 8.4 mg g À1 to 126.6 mg g
À1
, an enhancement of 15-fold. The enhanced adsorption capacity will remain at this value when the concentration of MB is further increased. On the other hand, the difference between GO and PRGO gradually disappears. Fig. 6b presents the adsorption isotherms of OII on PRGO-1 in the presence of MB (the adsorption isotherms of other materials can be found in Fig. S8 †) . Note that the adsorption isotherms of OII are different between the absence (0 mg L
) and presence of MB. Nevertheless, when the concentrations of MB are 200 mg L À1 and 300 mg L À1 , the adsorption behaviors are similar, indicating that the adsorption capacity of OII cannot be further enhanced by continuing to increase the concentration of MB.
The maximum adsorption capacities of OII on GO and PRGO in the presence of MB, and the corresponding ratios R q are shown in Fig. 6c and d , respectively (the maximum adsorption capacities were determined by the Langmuir model, and the detailed tted results can be found in Tables S5 and S6 †) . For GO, R q is 34.3 when the MB concentration is 300 mg L À1 , indicating that a remarkable synergistic effect is observed for the removal of OII by GO in the presence of MB. This yields an exceptionally high adsorption capacity of OII. On the other hand, in the presence of MB, R q of PRGO is almost the same as that of GO. This result hints that the promoting effect for OII by the reduction process can be ignored, comparing with the synergistic effect from simultaneous adsorption of MB.
3.4 Co-adsorption investigations of OII-Pb 2+ binary system 3.4.1 Co-adsorption isotherms in OII/Pb 2+ system. Here the anionic dye OII and Pb 2+ were used as model adsorbates to investigate the co-adsorption in dye-metal ion binary system. Firstly, the adsorption capacities of OII on GO and PRGO in the presence of Pb 2+ were investigated. As shown in Fig. 7a , when the initial concentration of OII was xed at 100 mg L
, the adsorption capacities of GO and PRGO all increase with increasing Pb 2+ concentration. This phenomenon is analogous to the adsorption of OII in the presence of MB, as shown in Fig. 6a . In addition, the adsorption isotherms of OII on PRGO-2 shown in Fig. 7b are similar to those on PRGO-1 shown in Fig. 6b . However, in contrast with the presence of MB, the deeper the reduction of GO, the higher the adsorption capacity of OII. This conclusion can be further explored by the maximum adsorption capacities of OII on GO and PRGO and the corresponding ratios in the presence of Pb 2+ , as shown in Fig. 7c and d, respectively (the detailed tted results can be found in Tables S7 and S8 † Table S7 † for detailed parameters), hinting that the Langmuir model is more appropriate for PRGO than for GO. 3.4.2 Co-adsorption isotherms in Pb 2+ /OII system. In contrast to the dramatic synergistic effect for OII in the presence , the adsorption of Pb 2+ is suppressed in the presence of OII dye. As shown in Fig. 8a , the adsorption capacity of Pb 2+ is decreased from $350 mg g À1 to $220 mg g À1 , neither GO nor PRGO making much difference. Note that the adsorption capacity almost remains at the same value when further increasing the OII concentration. Also noteworthy is that the adsorption isotherms of Pb 2+ on GO in the presence of OII can be analyzed by Langmuir and Freundlich models (as shown in Fig. S10 †) , while those on PRGO can only be tted by the Freundlich model (see Table S9 † for detailed parameters). Thus the maximum adsorption capacities are replaced by the equilibrium adsorption capacities, as shown in Fig. 8c (see Table  S10 † for detailed parameters). In this case, the adsorption capacities of PRGO are still larger than those of GO. Consequently, R q are in the range 0.696 to 0.766 for GO, and 0.724 to 0.874 for PRGO, indicating the existence of a competitive effect for Pb 2+ in the presence of OII.
Adsorption mechanisms
Based on the adsorption investigations of ionic dyes and heavy metal ion onto GO and PRGO in single-component and binary systems, we can nd that the reduction of GO can improve the adsorption capacity of anionic OII dye, while it has a negligible effect for both cationic MB and positively charged Pb 2+ . More importantly, the presence of both MB and Pb 2+ can strongly enhance the adsorption of OII (synergistic effect), while the presence of OII inhibits the adsorption of MB and Pb 2+ (antagonistic effect). According to previous work, 35 MB mildly enhanced the adsorption of Pb 2+ , while the presence of Pb 2+ will suppress the adsorption of MB.
These phenomena can be understood from two aspects: the effect of the reduction process and the presence of coadsorbent. Generally, the adsorption mechanisms of contaminants on graphene-based materials can be considered from two aspects: the electrostatic interaction between the contaminants and the oxygen-containing functional groups of graphene-based materials, as well as the p-p interaction between the aromatic structure of the dyes and the p-conjugation frameworks of graphene sheets. 32, 51, 52 Meanwhile, original GO is highly negatively charged, resulting from the abundant oxygen-containing functional groups on its basal plane. While the negative charge of PRGO will be less, due to the removal of functional groups by photoreduction. 53, 54 Therefore, GO has extremely low adsorption capacity for anionic OII dye, due to the strong electrostatic repulsion interaction between negative GO and anionic OII. This repulsion will become weak aer photoreduction. Thus, the adsorption capacity of anionic OII gradually enhances, during GO conversion into PRGO by photoreduction. For MB, both p-p interaction and electrostatic interaction will contribute to its adsorption capacity. For GO, the electrostatic interaction may dominate the adsorption process, due to the highly negatively charged GO and positively charged MB. For PRGO, the p-p interaction may be predominant, due to the restoration of p-conjugation frameworks during photoreduction. 37 Consequently, a competition between these two interactions occurs, resulting in a negligible effect of the reduction process. This interpretation is appropriate for the adsorption of Pb 2+ as well, where the main adsorption mechanisms between Pb 2+ and graphene-based materials are electrostatic interaction and cation-p interaction. 55, 56 Thus, the adsorption capacities for both MB and Pb 2+ present no obvious change from GO to PRGO.
In the MB/OII binary system, OII will occupy some adsorption sites through p-p interaction, which will inhibit the adsorption of MB. However, comparing with the adsorption capacity of MB on GO of 429 mg g À1 , that of OII is only 8.4 mg g À1 . Thus the presence of OII leads to a mildly antagonistic effect on the adsorption of MB. In contrast, in the OII/MB binary system, the presence of MB remarkably enhances the adsorption of OII, because the electronegativity of GO aer adsorption of MB is signicantly decreased. The decrease of the repulsion interaction between OII and GO will remarkably enhance the adsorption of OII. It can also explain the synergistic effect of OII in the presence of Pb
2+
. On the other hand, the p-p interaction between OII and GO will suppress the cation-p interaction between Pb 2+ and p-conjugation frameworks of graphene-based materials, and thus the presence of OII shows an antagonistic effect on Pb 2+ .
Conclusion
In order to simultaneously remove anionic and cationic dyes as well as heavy metal ions from wastewater, GO and its reduced counterpart PRGO were prepared, where PRGO was synthesized by a green and cost-free method based on the solar light irradiation of GO suspensions. FTIR, Raman, XRD, XPS, AFM, SEM, and TEM studies show that the oxygen-containing functional groups had been successfully removed from PRGO. Compared with the original GO, the adsorption capacity of OII on PRGO is improved by 4 times in a single-component system, while that of MB and Pb 2+ show negligible change. In a binary system, a remarkable synergistic effect has been determined for the adsorption of anionic OII dye, in the presence of either cationic MB or positively charged Pb 2+ . The enhancement reached 34.3-and 12.5-fold, respectively. This synergistic effect may result from the decrease of the electronegativity of GO. On the other hand, in the presence of OII, the adsorption capacity of neither MB nor Pb 2+ is suppressed. The antagonistic effect originates from the occupation of adsorption sites by OII through p-p interaction, where MB will adsorb on GO or PRGO by p-p interaction, and Pb 2+ will adsorb through cation-p interaction.
Consequently, the maximum adsorption capacity of OII by PRGO has reached 296 mg g À1 in this work, which is comparable to the adsorption by activated carbon previously reported. 57, 58 Hence, we provide a new insight for the treatment of anionic dyes and the removal of coexisting contaminants in polluted wastewater by GO and PRGO, which can be considered as alternative adsorbents to conventional carbon-based adsorbents for removing contaminants from wastewater.
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